Nephropathia epidemica (NE), Puumala (PUU) virus infection, is a febrile disease which is commonly associated with acute renal impairment. To differentiate NE from other acute febrile illnesses, a rapid and reliable serological diagnosis is important, and a number of different protocols have recently been introduced. In the present report we describe a comparative evaluation of six PUU virus immunoglobulin M (IgM) and seven IgG enzyme-linked immunosorbent assay (ELISA) protocols based on native, Escherichia coli-expressed, or baculovirus-expressed nucleocapsid protein (N). Neutralization and immunofluorescence assays were included for comparison. Equally high sensitivities and specificities were obtained with three -capture-based IgM ELISAs using native, baculovirus-expressed, and E. coli-expressed N antigens, respectively, and by an ELISA based on purified E. coli-expressed full-length N adsorbed to solid phase. The assays based on truncated amino-terminal N proteins, including a commercially available PUU virus IgM ELISA, all showed lower sensitivities. For detection of PUU virus-specific IgG, ELISAs based on monoclonal antibody-captured native or baculovirus-expressed N antigens showed optimal sensitivities and specificities, while the assays based on E. coli-expressed N did not detect all PUU virus IgG-positive serum samples. A commercially available PUU virus IgG ELISA based on E. coli-expressed amino-terminal N showed a significantly lower sensitivity than those of all other IgG assays.
Hemorrhagic fever with renal syndrome (HFRS) is a complex of human diseases which occur worldwide and is characterized by fever and renal dysfunction with or without hemorrhagic manifestations. The causative agents of HFRS are hantaviruses belonging to the Bunyaviridae family (19, 25, 27) . Hantaviruses are enveloped viruses with negative-sense singlestranded RNA genomes. The genome is tripartite and encodes the nucleocapsid protein (S segment); two envelope glycoproteins, G1 and G2 (M segment); and the viral RNA polymerase (L segment) (7, 27) . The natural reservoirs of hantaviruses are small rodents or insectivores, and transmission to man is believed to occur via aerosolized excretions (30) .
HFRS is a significant public health problem in several countries. Up to 150,000 cases are observed annually in China (2), Korea reports 600 to 1,000 cases per year (14) , and several thousands of cases are observed annually in Russia (29) . In Sweden and Finland approximately 200 and 1,000 cases, respectively, are diagnosed each year (22, 32) . Nephropathia epidemica (NE), the form of HFRS that occurs in Scandinavia, Finland, western Russia, and central Europe is caused by Puumala (PUU) virus (1, 22, 28) .
The diagnosis of NE requires serological confirmation. Although PCR has been successfully applied for detection of PUU virus RNA in some patients' samples, the short duration or complete absence of detectable viremia during the acute phase of NE makes PCR unsuitable for diagnosis (10, 26) . The nucleocapsid protein (N) of PUU virus has been demonstrated to be the major antigenic target in the early human antibody response, and high levels of N-specific immunoglobulin M (IgM) are produced during the acute phase of NE (3, 17) . Thus, N is an essential and sufficient antigen for assays used to diagnose acute PUU virus infections (4, 20, 33) . Protocols for detection of hantavirus-specific IgM by enzyme-linked immunosorbent assays (ELISAs) based on native viral antigens have been described previously (11, 23) . Due to the hazardous nature of hantaviruses, the handling and preparation of native antigens require biosafety-level-3 facilities. Moreover, hantaviruses, and especially PUU virus, grow slowly and produce low yields of viral antigen in cell culture. Zöller and coworkers (35) reported the expression of recombinant PUU virus N antigen in Escherichia coli. Several PUU virus IgM and IgG assays, all utilizing E. coli-expressed PUU virus N, have been published during recent years (3, 5, 13, 36, 37) . Recently, PUU virus IgM and IgG ELISAs based on recombinant N protein expressed in insect cells have been described (11, 34) .
The only commercial assays for HFRS diagnosis available to date are ELISAs for the detection of PUU or Hantaan virusspecific IgM and IgG antibodies, marketed by Progen (Heidelberg, Germany). These kits have been available for several years; however, most laboratories still use in-house diagnostic methods such as immunofluorescence assay (IFA) or various ELISA protocols. The lack of standardized and thoroughly evaluated assays makes comparison of data regarding the prevalence of NE and seroepidemiological data from different geographical regions difficult.
In the present study we evaluated six IgM and seven IgG ELISA protocols based on native, baculovirus-expressed, and E. coli-expressed PUU virus N proteins. Neutralization assay and IFA analyses were included for comparison.
MATERIALS AND METHODS

Sera and patients.
Patients' serum samples previously analyzed in the diagnostic routine at the Swedish Institute for Infectious Disease Control (formerly the National Bacteriological Laboratory, Stockholm, Sweden) by a -capture IgM ELISA based on native viral antigen, as described below, were used to evaluate the IgM ELISAs. The panel consisted of acute-phase serum samples from 75 serologically confirmed (PUU virus IgM-positive) patients, all with clinical symptoms of NE, and 78 serum samples from patients with clinical suspicion of NE but who were serologically negative.
A panel of 37 PUU virus IgG-positive and 147 IgG-negative serum samples, previously analyzed by a neutralization test (9) , from apparently healthy individuals in an area of endemicity for NE in northern Sweden was used for evaluation of the IgG assays.
Antigens. Native PUU virus ELISA antigens were produced as previously described (16, 17) . The antigen used for IgM detection consisted of sonicated extracts of infected Vero E6 cells and the IgG ELISA antigen of infected cells treated with detergent buffer. Baculovirus-expressed PUU virus strain Sotkamo full-length N (bac-PUU-N) was produced as previously described (34) . Production and affinity purification of E. coli-expressed PUU Sotkamo full-length N (rN) and E. coli-expressed PUU virus amino-terminal N (rN⌬; amino acids [aa] 1 to 117) have been described previously (3, 6) . Briefly, the expressed polyhistidine-containing rN and rN⌬ fusion proteins were affinity purified on metalchelating Sepharose. The rN antigen was concentrated in dialysis tubing on a bed of polyethylene glycol 20,000 and solubilized in 1% sodium dodecyl sulfate (SDS)-1 mM dithiothrenitol. For further purification, the material was separated on an SDS-12% polyacrylamide preparative gel (15) . Gel slices corresponding to PUU rN were cut out and eluted in an SDS-polyacrylamide gel electrophoresis (PAGE) running buffer. Suitable working dilutions of the antigens were determined by chessboard titrations. E. coli-expressed amino-terminal N (aa 1 to 119) from PUU virus (strain CG-1820) was used in the Progen IgM and IgG ELISAs (26a).
ELISAs. (i) IgM -capture ELISAs. PUU virus IgM -capture ELISAs based on native N, baculovirus-or E. coli-expressed rN and rN⌬ antigens were performed as previously described (20, 34) . Briefly, microtiter plates were coated with goat anti-human IgM, blocked with bovine serum albumin, and incubated with patients' or control serum samples at a 1:200 dilution. Each antigen was added at optimal concentrations as determined by chessboard titrations, followed by the PUU virus N-specific peroxidase-conjugated bank vole monoclonal antibody (MAb) 1C12 (16) . All incubations were done for 1 h at 37°C, except for the 1.5-h incubation with the enzyme-conjugated MAb, and the plates were washed five times between each step. Specific antibody binding was visualized by the addition of a tetramethylbenzidine (TMB) substrate. The reaction was stopped after 12 min of incubation at room temperature, and optical densities at 450 nm (OD 450 ) were determined. Serum samples were tested in duplicate in both antigen-sensitized wells and control wells. To calculate the results, all absorbances were adjusted according to a standard control virus-positive serum: the mean OD value for its duplicate wells was recalculated to 1.000, and the OD values of the remaining wells were adjusted accordingly. Background OD values for the control wells were subtracted from the OD value for wells incubated with antigen. The cutoff value for positive samples was set at an OD value of 0.150.
(ii) IgM ELISAs based on E. coli-expressed N bound to solid phase. IgM ELISAs based on E. coli-expressed complete or amino-terminal PUU virus N proteins were performed as recently described (3) (4) (5) (6) . Briefly, microtiter plates were coated with PUU virus rN or rN⌬ at 4°C overnight. After being washed once, the plates were blocked for 1 h at room temperature and washed. Sera pretreated with RF-absorbent (Behringwerke AG, Marburg, Germany) and diluted 1:400 were added in duplicate in antigen-sensitized and control wells and incubated for 1 h. After four washes, peroxidase-conjugated goat anti-human IgM F(abЈ) 2 fragments were added. The A 450 for the specific IgM reaction was determined after 15 min of incubation with TMB.
(iii) IgG ELISAs. PUU virus IgG ELISAs based on MAb-captured native N, baculovirus-or E. coli-expressed rN and rN⌬ antigens were performed essentially as described previously (17, 34) . Briefly, microtiter plates were coated with MAb 1C12 (1 to 10 g/ml) and incubated overnight at 4°C. After being blocked, antigens were added, and the mixture was incubated, followed by incubation of serum samples (diluted 1:400) in duplicate wells in both antigen-sensitized and control wells. A goat anti-human IgG (␥-chain specific)-alkaline phosphatase conjugate was added. All reagents were added at 100 l/well except for postcoating, where 150-l/well volumes were used, and all incubations were done for 1 h at 37°C. PUU virus-specific IgG were detected by the Sigma 104 phosphatase substrate, and OD 405 values were determined after 30 min of incubation at 37°C. The results were calculated as described above for IgM ELISAs except for the use of a late-convalescent NE serum sample as the standard control and a cutoff value for virus-positive samples set at an OD of 0.100.
IgG ELISAs based on purified and direct-coated E. coli-expressed rN or rN⌬ (3, 5) were carried out as described above for the rN IgM ELISA except that pretreatment with RF absorbent was excluded and a peroxidase-labeled goat anti-human IgG conjugate was used for detection of specific antibody binding.
The IgG ELISA based on rN⌬ was evaluated with serum samples diluted both 1:50 and 1:200.
(iv) Progen assays. PUU IgM and IgG ELISAs marketed by Progen were performed according to the manufacturer's instructions.
Neutralization tests (NT). (i) NT-ELISA.
The assay was performed as described previously (9) . Briefly, sera were serially diluted in tissue culture medium, incubated with PUU virus (strain Sotkamo [31] ) for 1 h, and subsequently inoculated onto microtiter plates containing confluent Vero E6 cell monolayers. After incubation for 12 days, the plates were washed and fixed. Rabbit anti-PUU virus antibodies, followed by peroxidase-conjugated goat antibodies to rabbit IgG, were used for detection of PUU virus antigen. After being washed, the viral antigen was visualized by the addition of 2,2Ј-azinobisdiammonium salt. The A 405 values were read after 30 min. Specimens were tested in duplicate wells, and the serum dilutions giving a mean reduction of absorbance of more than 80% of that of the negative serum at the corresponding dilution were considered to be neutralizing.
(ii) FRNT. The focus-reduction neutralization test (FRNT) was performed as described previously (24) . Briefly, sera were serially diluted and mixed with an equal volume of PUU virus, containing 30 to 70 FFU/100 l. The mixture was incubated for 1 h and subsequently inoculated into wells of six-well tissue culture plates containing confluent Vero E6 cell monolayer. The wells were overlaid with a mixture of agarose and tissue culture medium and incubated for 12 days. The agarose was removed from the wells, and the cells were fixed. Rabbit anti-PUU virus serum, followed by goat antibodies to rabbit IgG labeled with peroxidase, were added to indicate virus-infected cells. TMB was used as the substrate, and foci were enumerated. An 80% reduction of the number of foci, compared to that of the virus control, was used as the end point for virus neutralization titers.
IFA. Detection of PUU virus IgG by IFA was performed as previously described (22) . Vero E6 cells infected with PUU virus (strain Sotkamo) were fixed on spot slides. PUU virus-specific IgG antibodies were detected with fluorescein isothiocyanate-conjugated sheep anti-human IgG.
RESULTS
Evaluation of PUU virus IgM ELISAs.
A total of 153 serum samples from NE patients, or from patients with similar clinical symptoms, all previously examined by -capture IgM ELISA based on native viral antigen in the routine diagnosis of patients at the Swedish Institute for Infectious Disease Control, were used for evaluation of six different ELISA protocols ( Table 1 ). The -capture ELISAs based on both baculovirusand E. coli-expressed full-length N antigens showed optimal specificity and sensitivity; i.e., all serum samples reacted identically to the results obtained by the -capture ELISA based on native antigen.
The IgM ELISA based on direct-coated E. coli-expressed complete rN also detected all positive serum samples, while the ELISA based on direct-coated E. coli-expressed truncated rN⌬ did not detect two of the 75 PUU virus IgM-positive serum samples. The Progen assay (based on E. coli-expressed aminoterminal [aa 1 to 119] PUU virus CG-1820 N) indicated six Finally, we evaluated the suitability of the PUU virus Sotkamo rN⌬ antigen in the -capture system. No specific antibody reactivity was detected by this format, in spite of the fact that this antigen was almost as sensitive as full-length rN in the ELISA in which the antigen was coated direct to the solid phase.
Detection of PUU virus-specific IgG. Previous studies have revealed the efficient and highly specific detection of PUU virus IgG by assays based on MAb-captured N antigen (17, 18, 21a, 34) . Furthermore, several investigators have recently reported problems with unspecific reactions, using E. coli-expressed hantavirus N directly coated onto the solid phase (4, 38) . As an attempt to improve the sensitivity and specificity of PUU virus IgG assays based on rN, we applied MAb capture of the antigen, purified by two different strategies, and also introduced an E. coli antigen for preadsorbtion of unspecific antibodies. These protocols were compared with PUU virus rNbased ELISA developed earlier in which the recombinant antigen was coated directly onto the solid phase (3).
The various ELISA protocols were evaluated with selected serum samples including 22 PUU virus antibody-positive and 20 PUU virus antibody-negative serum samples from healthy individuals living in an area of endemicity for NE (9) . Cutoff levels for the different ELISAs were chosen as the means of the results from 39 PUU antibody-negative serum samples (from serologically confirmed acutely ill patients suffering from varicella-zoster virus, measles virus, cytomegalovirus, or influenza A virus infections) ϩ 3 standard deviations.
The results revealed that PUU virus rN antigen that had been coated onto ELISA wells by means of capture by MAb 1C12 resulted in assays with higher sensitivities and fewer background problems than the PUU virus rN ELISA based on direct coating of the antigen (Table 3 ). The methods were significantly improved by the addition of E. coli extracts to the serum dilution buffer. Differences between the protocols with affinity-purified and SDS-PAGE gel-purified antigens were negligible when E. coli extracts were used. We chose the SDS-PAGE gel-purified antigen preparation for the final evaluation (see below), since it, at least theoretically, contained the least amount of contaminating E. coli remnants.
Evaluation of PUU virus IgG ELISA. Seven IgG ELISA protocols were evaluated with a panel of serum samples previously examined by neutralization test (Table 4 ). All 36 PUU virus IgG-positive serum samples were found positive by the MAb-antigen-capture ELISAs based on native or baculovirusexpressed antigen. No false-positive reactions were found among the 147 negative serum samples in these two assays. IFA showed a slightly lower sensitivity and detected 34 of the 36 positive serum samples. The ELISA based on MAb-captured E. coli-expressed complete rN and truncated rN⌬ missed two and one of the positive serum samples, respectively. The ELISA based on direct-coated E. coli-expressed rN⌬ also failed to detect two of the positive serum samples and showed 
DISCUSSION
NE, a form of HFRS commonly encountered in northern Europe, is a febrile disease commonly associated with acute renal impairment. A rapid and reliable serological diagnosis is therefore important in differentiating NE from other acute febrile illnesses in areas of endemicity. One major drawback with the IFA is that a significant proportion of NE patients have high IgG IFA titers in sera during early stages of infection, and seroconversion or a fourfold increase in titer is found in only about half of the patients (3, 22) . A variant of this method is the IFA IgG avidity test. This assay can distinguish between specific, low-avidity antibodies representing the acute phase and specific, high-avidity antibodies developed during the late convalescent phase of NE (8) . However, 5 to 10% of Swedish NE patients did not develop detectable levels of specific IgG at the time of admission to the hospital (3, 4, 20) . Similar results have recently been shown for HFRS patients in Bosnia-Herzegovina, both for PUU and Dobrava virus infections (21) .
With its high sensitivity and the capability of processing a large numbers of samples rapidly, ELISA has become the method of choice for the serodiagnosis of hantavirus infections. Results are usually obtained within a few hours and do not suffer from subjective ambiguities, as often encountered with IFA.
Although the amino-terminal region of PUU virus N has been shown to constitute the major antigen target in the human antibody response (5), our recent data have indicated the presence of regions of importance in the humoral response also in the middle and the carboxy-terminal parts of the protein (20, 33) . Baculovirus-expressed antigen has, in contrast to E. coli-expressed PUU virus N, been found antigenically indistinguishable from the native protein (5, 11, 34) .
In an attempt to evaluate and compare some of the different ELISA protocols published during recent years, we used selected panels of PUU virus IgM-and IgG-positive sera. The data from the IgM assays showed that the IgM -capture ELISAs based on bac-PUU-N or E. coli-expressed full-length N had sensitivity and specificity equivalent to those of the assay based on native virus antigen. The IgM ELISA based on E. coli-expressed full-length rN bound to the solid phase also showed optimal sensitivity and specificity. This protocol required serum preincubation with RF absorbent for an efficient detection of specific IgM. The assay based on directly coated rN⌬ did not detect PUU virus-specific IgM in 2 of the 75 acute-phase NE serum samples. One likely explanation for the lower sensitivity of this antigen is the presence of antigenic epitopes in other parts of the protein, present only in fulllength E. coli-expressed rN. Another possibility is that the conformation of rN⌬ is not optimal.
The commercial PUU virus IgM ELISA marketed by Progen did not miss any of the virus-positive serum samples, but 6 samples were scored as intermediates. It should be noted that two of the serum samples were obtained more than 1 week after the onset of the disease. Such results require additional serum samples for analysis and thereby eliminates the advantage of a rapid system for IgM detection. The Progen IgM assay is also based on E. coli-expressed amino-terminal N (aa 1 to 119). All the IgM assays proved to be highly specific since no false-positive reactions were observed.
When amino-terminal rN⌬ (aa 1 to 117) was applied in the IgM -capture system, no specific reactivity could be shown. We believe that one explanation for these findings is the nature of the polymers composed of full-length N proteins, as opposed to rN⌬, which is found in solution as free monomers (6a). The polymeric nature of full-length rN and possibly of native N might be one reason for their suitability as antigens in serological assays, in particular for capture assays. Moreover, when the antigen is treated with a strong detergent, discontinuous epitopes may be destroyed.
Unspecific reactions occurred when E. coli-expressed antigens were used in IgG assays, probably depending on E. coli contaminants remaining in the rN, although extensive purification by affinity chromatography followed by gel purification was done (Table 3) . It was further shown that the unspecific absorbances could not be eliminated solely by use of the MAbcaptured antigen system. Background reactivity had to be reduced by absorbtion of the serum samples with E. coli extracts. Direct comparison of the assays based on directly coated and MAb-captured antigens revealed higher specificities and sensitivities for the latter (Table 3) . However, when these systems were compared with the use of the larger panel of serum samples, only minor differences were seen (Table 4) , although in line with the first results. The Progen PUU virus IgG assay was shown to be unreliable for identification of long-term immunities, e.g., in seroepidemiological studies (only 22 of the 36 IgG-positive serum sample were detected and 2 of the negative serum samples were interpreted as intermediates). This very low sensitivity could depend on the combination of truncated E. coli-expressed antigen (aa 1 to 119) in a directcoating system. One additional factor may be that the Progen ELISA is based on PUU virus strain CG-1820, which, in contrast to Swedish or central European PUU virus strains, differs from strain Sotkamo in at least one epitope (N-f) situated in aa 1 to 79 of the protein (16) .
In comparison to the neutralization test, the two IgG ELISAs based on crude extracts of native and bac-PUU-N antigens were found to be equally efficient for detecting PUU virus-specific antibodies. The assays based on purified E. coliexpressed full-length or amino-terminal rN were all found to have slightly lower sensitivities, similar to those for IFA. The high expression level of bac-PUU-N, compared to the low antigen yield and the hazardous nature of native virus culturing, points to the advantage of the baculovirus system. Another advantage of the bac-PUU-N-based systems, in comparison to E. coli-expressed rN, is that no purification of the antigen seems to be needed.
Significant serological cross-reactivities are seen among several of the hantaviruses, e.g. within the PUU/Khabarovsk/Tula/ Prospect Hill hantavirus group. Although recent data also revealed high levels of cross-reactivities of the human antibodies to PUU and SN hantaviruses, individual variations in the crossreactivities of the antibodies were seen (6, 12) . In addition, assays based on PUU virus antigen do not efficiently detect antibodies to more distantly related hantaviruses, such as Dobrava, Seoul, or Hantaan viruses. Therefore, in areas where serologically distinct hantaviruses pathogenic to man are circulating, e.g., in the former Jugoslavia, tests based on at least two antigens are needed for diagnosis. Several variants ELISA protocols based on recombinant Hantaan virus N have been reported recently (6, 36, 38) . Commercial Hantaan IgM and IgG ELISA kits are available from Progen. The efficiency of these different assays awaits evaluation.
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In conclusion, our study showed that the specificities and sensitivities of the PUU virus IgM assays based on either native or recombinant full-length N proteins were equal. The IgG assays based on MAb-captured, native, or baculovirus-expressed N showed results identical to those by a neutralization assay for a panel of sera from healthy individuals from northern Sweden. All assays based on truncated E. coli-expressed N were found to be less sensitive and/or specific.
